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Summary
The small heat shock protein Hsp27 has been shown to be involved in a diverse array of cellular
processes, including cellular stress response, protein chaperone activity, regulation of cellular
glutathione levels, apoptotic signaling, and regulation of actin polymerization and stability.
Furthermore, mutation within Hsp27 has been associated with the human congenital neuropathy
Charcot-Marie Tooth (CMT) disease. Hsp27 is known to be expressed in developing embryonic
tissues; however, little has been done to determine the endogenous requirement for Hsp27 in
developing embryos. In this study, we show that depletion of XHSP27 protein results in a failure of
cardiac progenitor fusion resulting in cardia bifida. Furthermore, we demonstrate a concomitant
disorganization of actin filament organization and defects in myofibril assembly. Moreover, these
defects are not associated with alterations in specification or differentiation. We have thus
demonstrated a critical requirement for XHSP27 in developing cardiac and skeletal muscle tissues.
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INTRODUCTION
Formation of a functioning heart requires the organization and synchronization of many cellular
and tissue-level processes, including proper cell movements and polarity establishment,
specification and differentiation of cardiac precursors, and morphogenesis of the heart. During
gastrulation, a bilaterally symmetric pair of fields within the anterior lateral plate mesoderm
are initially specified as cardiac precursors. Once the cardiac precursor fields are specified,
they undergo two separate migration events as neurulation proceeds. The large-scale tissue
movements involved in neurulation result in the anterior movement of the cardiac progenitors
toward more anterior regions. This process seems to be largely controlled by FGF family
members, including FGF8 and FGF4 (Beiman et al., 1996; Ciruna and Rossant, 1999;
Gisselbrecht et al., 1996; Sun et al., 1999) as well as G-coupled proteins (Quertermous,
2007; Scott et al., 2007; Zeng et al., 2007). Soon after migration to more anterior positions in
the embryo, the cardiac progenitors migrate ventrally as an epithelial sheet towards the anterior
ventral midline where they proceed to fuse, proliferate and form a linear heart tube (DeHaan,
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1963; Goetz and Conlon, 2007; Kolker et al., 2000; Mohun et al., 2003; Trinh and Stainier,
2004).
Several requirements for the ventral migration and fusion of the cardiac fields have thus far
been identified, including proper cardiomyocyte differentiation (Reiter et al., 1999; Yelon et
al., 2000), interaction with or signaling from the endoderm (Alexander et al., 1999; Kikuchi
et al., 2000; Reiter et al., 1999; Schier et al., 1997), epithelial organization of the cardiac fields,
and migration cues from the midline (Trinh and Stainier, 2004). Recent work by Trihn and
Stainier (2004) has demonstrated a requirement for fibronectin (Fn) in the migrating cardiac
precursor fields in zebrafish; fish mutant for Fn exhibit cardia bifida, which is characterized
by unfused cardiac progenitors that independently differentiate into cardiac tissue (Trinh and
Stainier, 2004). Their results indicate that Fn at the junction between the endoderm and
mesoderm is required for epithelial integrity within the cardiac fields. Furthermore, deposition
of Fn at the ventral midline regulates the timing of migration. Other studies have shown that
mutant mice lacking Fn display defects in cardiogenesis, despite normal specification of the
cardiac precursors (George et al., 1993, 1997). It is also well established that the anterior
endoderm is required for cardiac progenitor migration (reviewed in Lough and Sugi, 2000).
For example, many genes involved in endoderm differentiation and maturation, including
Gata4, Gata5, one-eyed pinhead (oep), casanova, and miles apart result in cardia bifida when
mutated in mice or fish (Kuo et al., 1997; Kupperman et al., 2000; Reiter et al., 1999; Stainier,
2001). Furthermore, studies have shown that abrogation of proper myocardial differentiation
can also result in cardia bifida (Reiter et al., 1999; Yelon et al., 2000). In the present study, we
report a requirement for the small heat shock protein, Hsp27, in proper cardiac fusion.
Hsp27, also called Hsp25 in mice and HspB1 in humans, is one of the most widely distributed
and most studied of the small heat shock proteins (sHSPs; reviewed in Ferns et al., 2006).
Changes in Hsp27 expression have been observed in cells and tissues exposed to numerous
stress conditions, including oxidative damage (Arrigo, 2001; Baek et al., 2000; Dalle-Donne
et al., 2001; Escobedo et al., 2004; Huot et al., 1996; Komatsuda et al., 1999; Mehlen et al.,
1995), metal toxicity (Bonham et al., 2003; Leal et al., 2002; Somji et al., 1999), and ischemia
(Hollander et al., 2004; Reynolds and Allen, 2003; Shelden et al., 2002; Vander Heide,
2002), as well as in disease states such as cardiac hypertrophy (Knowlton et al., 1998; Scheler
et al., 1999), and muscle myopathies (Benndorf and Welsh, 2004). In addition, a role for HSP27
function has been implicated in cellular processes, including protein chaperone activity (Jakob
et al., 1993), regulation of cellular glutathione levels (Arrigo, 2001; Baek et al., 2000),
apoptotic signaling (Bruey et al., 2000; Paul et al., 2002), inhibition of actin polymerization
(Benndorf et al., 1994; Miron et al., 1991; Rahman et al., 1995), and stabilization of actin
filament arrays (Huot et al., 1996; Lavoie et al., 1993a,b, 1995). Furthermore, mutation within
Hsp27 has been associated with the human congenital disorder Charcot-Marie-Tooth disease
(CMT; Evgrafov et al., 2004). CMT is a progressive neuropathy of the peripheral nervous
system, and is the single most-common inherited neuropathy at an estimated prevalence of 1
in 2,500 (Skre, 1974).
Hsp27 is known to be expressed during both skeletal and cardiac muscle development in several
organisms, including human (Shama et al., 1999), mouse (Gernold et al., 1993), pig (David
et al., 2000), and zebrafish (Mao et al., 2005; Mao and Shelden, 2006). A role for Hsp27 in
heart development has been implied from studies showing that over-expression of Hsp27 can
protect mice from induced immunoblotted heart failure (Brundel et al., 2006; Liu et al.,
2007). However, the precise requirement for Hsp27 during normal cardiac development is not
known. Here we report the sequence and expression of the Xenopus laevis orthologue of heat
shock protein 27 (XHsp27). We demonstrate using antisense morpholinos that XHSP27 is
required for proper fusion of cardiac precursors and for actin organization in developing cardiac
and skeletal muscle. We further demonstrate that cardiac specification and differentiation
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appear unaltered as assayed by several markers of cardiac precursor and differentiated
cardiomyocyte populations.
MATERIALS AND METHODS
Embryo Culture and Injections
Preparation and injection of X. laevis embryos was carried out as previously described (Wilson
and Hemmati-Brivanlou, 1995). Embryos were staged according to Nieuwkoop and Faber
(1967). An antisense morpholino oligonucleotide was designed against the translation start site
of XHsp27. XHSP27 morpholinos were obtained from Gene Tools, LLC with the following
sequence: 5′AAT TCT GCG TTC TGA CAT TTT CTC T 3′. The human β-globin standard
control morpholino from Gene Tools was used as control. For the in vitro translation studies,
TBX20MO was used to show specificity of the HSP27MO (Brown et al., 2005). HSP27MO
was injected at 60 ng/embryo.
Translation Inhibition by Morpholinos
In vitro translations were performed using TNT Coupled Reticulocyte Lysate System
(Promega, Madison, WI) following the manufacturer’s protocol. Reactions were carried out in
the presence or absence of HSP27MO or TBX20MO. A carboxy-terminal hemagluttin tagged
version of HSP27 was generated using the pSP64T-HA vector (generous gift of Masazuma
Tada). An HA-tagged TBX20 was also used in the in vitro translation study (Brown et al.,
2005). We have recently demonstrated that X. laevis SHP2 is uniformly expressed throughout
early development (Brown et al., 2005) and anti-PTP1D/SHP2 primary antibody was used at
1:2,500 (Transduction Laboratories) as a loading control with peroxidase-conjugated
AffiniPure donkey anti-mouse (H + L) 2° antibody (1:10,000). HA-tagged proteins were
probed with anti-HA primary antibody (Covance, Berkeley, CA) at 1:1,000 dilution, and
peroxidase-conjugated AffiniPure Donkey anti-mouse (H+L) secondary antibody (Jackson
ImmunoResearch Laboratories) at 1:10,000 dilution. For in vivo translation analyses, embryos
were injected with MOs and mRNA at the one-cell stage. At stage 19, 40 embryos per treatment
were collected and lysed in 300 μl of lysis buffer: 140 mM NaCl, 50 mM Tris (pH 7.6), 10
mM EDTA, 1% Surfact-Amps Triton X-100 (Pierce, Rockford, IL), Complete EDTA-free
Protease Inhibitor (Roche, Nutley, NJ), and 25 mM PMSF (Roche). Lysates were resolved on
12% SDS-PAGE gels, immunoblotted, and visualization was carried out using luminol-based
chemiluminescence solutions at 1:1 ratio: solution A: 100 mM Tris pH 8.5, 2.5 mM Luminol
(Sigma, St. Louis, MO), 0.4 mM p-Coumaric acid (Sigma); solution B: 100 mM Tris pH 8.5,
0.02% H2O2 (Sigma).
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was performed as previously described (Harland, 1991).
Probes used included Tbx20 (Brown et al., 2003), Nkx2.5 (Brown et al., 2005), Gata4 and
Gata6 (generous gifts of Roger Patient; (Jiang and Evans, 1996)), Mlc1v′ (IMAGE clone
4408657, GenBank Accession No.: BG884964), and Titin Novex 3 (Brown et al., 2006).
Immunodetection
Embryos were prepared for whole-mount immunohistochemistry as previously described
(Kolker et al., 2000). Briefly, fixed embryos were incubated overnight at 4°C with an antibody
against myosin heavy chain α (MHC) (Abcam, Cambridge, MA), at a dilution of 1:500.
Following washes, the embryos were incubated overnight at 4°C with a Cy3-conjugated anti-
mouse secondary antibody (Sigma) at a dilution of 1:100. For imaging, embryos were cleared
with 2:1 benzyl benzoate: benzyl alcohol and viewed on a Leica MZFLIII fluorescence
dissecting microscope. For immunostaining of histological sections, embryos were collected
Brown et al. Page 3













at the indicated stages, fixed for 2 h in 4% paraformaldehyde, and embedded in OCT
cryosectioning medium (Tissue Tek, Tokyo, Japan). Cryostat sections (14 μm) were rinsed
with wash buffer (PBS with 1% Triton and 1% heat inactivated calf serum) and incubated at
4°C with phalloidin overnight (conjugated to Alexa 488 flourophore) (Molecular Probes,
Carlsbad, CA) and either anti-MHC (1:500) or anti-tropomyosin (1:50). Sections were then
rinsed with wash buffer and incubated with anti-mouse Cy3-conjugated secondary antibody
(1:200; Sigma). Sections were rinsed and incubated for 20 min at room temperature with DAPI,
cover slipped and visualized on either a Zeiss LSM410 confocal microscope or a Nikon Eclipse
E800 flourescence microscope.
For western blot analysis, stage 29 and 33 embryos (N = 10) per stage were collected, lysed,
and sonicated in 100 μl of lysis buffer used in the in vivo morpholino studies previously. Ten
micrograms of each lysate was run on a 4%–12% SDS-PAGE gel and transferred. Western
blots were probed with antibodies against actin (Santa Cruz, Santa Cruz, CA) and α-tubulin
(Abcam) at dilutions of 1:100 and 1:1,000, respectively, in 5% nonfat milk in TBS-T. Actin
was detected using peroxidase-conjugated AffiniPure donkey anti-mouse (H + L) secondary
antibody (Jackson ImmunoResearch Laboratories). α-tubulin was detected using peroxidase-
conjugated AffiniPure donkey anti-rabbit (H + L) secondary antibody (Jackson
ImmunoResearch Laboratories). Both secondary antibodies were used at 1:10,000 dilution.
Visualization was carried out using Super Signal West Pico Chemiluminescent Substrate
(Pierce).
Transmission Electron Microscopy
Briefly, stage 37 embryos were fixed in 2% paraformaldehyde/2.5% gluteraldehyde overnight
(Goetz et al., 2006). Embryos were postfixed in ferrocyanide-reduced osmium and embedded
in Spurr’s epoxy resin. Transverse ultra-thin (70 nm) sections were mounted on copper grids
and post-stained with 4% aqueous uranyl acetate followed by Reynolds’ lead citrate. Sections
were imaged with a LEO EM-910 transmission electron microscope.
RESULTS
XHsp27 Expression Is Developmentally Regulated in Differentiating Cardiac and Skeletal
Muscle
XHsp27, the X. laevis orthologue of Hsp27 (HSP25, HspB1; GenBank Accession No.:
EF066483) was initially identified in a screen for differentially expressed cardiac genes as an
expressed sequence tag (GenBank Accession No.: AW766262) identified in the developing
heart (D. Brown and F.L.C., unpublished data). This EST was subsequently sequenced and a
BLASTn search revealed that the EST is highly similar to several members of the small heat
shock protein 27 subfamily. The X. laevis Hsp27 transcript consists of at least 1,123 nucleotides
and encodes 213 putative amino acids (Fig. 1a). The XHsp27 transcript appears to align with
a single locus within the Xenopus tropicalis genome (JGI, Version 4.1, scaffold 72), consisting
of three exons separated by two introns. This organization appears to mirror that of mouse
Hsp27 (Ferns et al., 2006), which also consists of three exons. In addition, a synteny search
using Metazome (www.metazome.net) reveals that the genomic locus within X. tropicalis is
highly syntenic with the Hsp27 orthologue locus on human chromosome 7, mouse chromosome
5, rat chromosome 12, and chick chromosome 19 (Fig. 1c). Protein alignments performed
against Hsp27 orthologues in human (GenBank Accession No.: BC073768), rat (GenBank
Accession No.: NM_031970), mouse (GenBank Accession No.: AK003119), pig (Gen-Bank
Accession No.: NM_001007518), dog (GenBank Accession No.: NM_001003295), chick
(GenBank Accession No.: NM_205290), and zebrafish (GenBank Accession No.:
NM_001008615) reveal conservation of identities in the range of 64–70% (Fig. 1a,b). An α-
crystallin-hsps domain within the transcript is conserved between the Hsp27 orthologues, as
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identified by the NCBI conserved domain search (cd No.: cd00298; Fig. 1a). The crystallin
domain is critical in homo- and heterodimerization between various sHSPs (Feil et al., 2001).
Furthermore, one of two putative actin interacting domains appears to be highly conserved
between XHsp27 and the various orthologues, with a second domain showing a smaller degree
of conservation (Fig. 1a;Mao et al., 2005). Thus, this transcript is likely the X. laevis orthologue
of Hsp27 and we refer to this transcript as XHsp27.
By whole-mount in situ hybridization, XHsp27 appears to be expressed diffusely throughout
the developing embryo during gastrulation, consistent with recent findings in zebrafish (Fig.
2; (Mao and Shelden, 2006)). Shortly after gastrulation XHsp27 becomes restricted to thin
dorsal-ventral stripes within a subdomain of each developing myotome within the somitic
mesoderm (Fig. 2c). This expression initially begins in the anterior most somites and proceeds
in a wave towards the posterior end, mirroring the wave of somite formation and development
(Fig. 2b–l). As myogenesis progresses, the thickness of each vertical stripe expands to
encompass the entire myotome and this expression remains in the developing muscle until at
least stage 40 (Fig. 2b–i). During cardiac precursor fusion and linear heart tube formation,
XHsp27 expression commences throughout the developing myocardium and remains
expressed throughout the developing heart at all stages examined (Fig. 2g–i, l, m). Furthermore,
as muscle development continues during early tadpole stages, XHsp27 expression becomes
evident in other muscle domains such as those in the developing jaw and the body wall (Fig.
2i). Expression is also detected in the brain of tadpole stage embryos (Fig. 2i). These results
indicate that XHsp27 is a developmentally regulated gene and may be involved in gastrulation,
cardiac and skeletal myogenesis, and neural development.
XHSP27 Morpholinos Specifically Inhibit HSP27 Translation
To test whether XHsp27 protein is required during embryogenesis, we sought to knock down
endogenous XHSP27 protein levels using antisense morpholino oligonucleotides. To this end,
we designed morpholinos targeted against the start site of XHsp27, which we refer to as
HSP27MO (Fig. 3a). Unfortunately, attempts to detect endogenous or in vitro translated X.
laevis HSP27 were unsuccessful using several of the available commercial HSP27 antibodies.
Thus we sought to test the efficiency and specificity of morpholino translation inhibition using
a hemagglutinin (HA) epitope-tagged version of XHSP27 both in vitro and in vivo. For the in
vitro inhibition study, transcription/translation reactions were incubated with HA-HSP27
construct alone and together with increasing concentrations of HSP27MO (Fig. 3b) and as a
negative control TBX20MO (Brown et al., 2005). Furthermore, HSP27MO was incubated with
HA-Tbx20 to show specificity of the HSP27MO. Results from these assays show that
HSP27MO efficiently blocks translation of HA-XHsp27 in vitro while TBX20MO and
ControlMO do not. In contrast, HSP27MO does not block translation of HA-TBX20 (Fig. 3b).
To test whether HSP27MO can knock down XHSP27 translation in vivo, HA-Hsp27 capped
mRNA was injected into one-cell stage embryos along with HSP27MO. To insure that the
MOs did not bind the mRNA before injection, embryos were first injected with 30 or 60 ng
HSPMO or 60 ng ControlMO. Embryos were then reinjected with 100 pg HA-HSP27 capped
mRNA prior to first cleavage. Embryos were then collected at stage 20, lysed, submitted to
Western blotting with an anti-HA antibody, and with an antibody against the protein
phosphatase SHP2 as loading control (Brown et al., 2005; Langdon et al., Development (In
Press)). As shown in Figure 3c, embryos injected with HSPMO completely lack HA-HSP27
protein, in contrast to ControlMO injected embryos, which display no inhibition of HA-HSP27
translation.
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Knockdown of XHSP27 Protein Translation Results in Partial Cardia Bifida
To determine the requirement for XHSP27 during development, we injected HSP27MO into
one-cell stage embryos. Despite XHsp27 expression in gastrula embryos, no defects in
gastrulation were observed, suggesting that XHSP27 is not required for this process. However,
by linear heart tube formation stage (stage 33), defects in heart tube fusion became apparent
as assayed by MHC whole-mount antibody staining (Fig. 4j–l). As shown in Figure 4, XHSP27
morphants display a bifurcation in the posterior inflow region of the linear heart tube. The
degree of bifurcation varies between embryos, and in the most severe cases the hearts appear
to be almost entirely divided, resulting in complete cardia bifida (Fig. 4p–r). Additional Hsp27
morphoinos designed against either the 5-prime UTR or splice donor/acceptor sites led to
partial reduction of HSP27 and a similar albeit weaker phenotype while mismatch splice
morpholinos gave no phenotype (data not shown). Attempts to rescue the phenotype by
misexpression of Hsp27 led to developmental abnormalities at gastrulation and early
embryonic lethality precluding analysis of heart development.
Despite aberrant morphogenesis of the heart, the extant cardiac tissue becomes rhythmically
contractile. However, XHSP27 morphant embryos arrest development shortly thereafter (Stage
40). These results suggest that XHSP27 is critical for proper cardiac morphogenesis.
The Cardiac Transcriptional Program Appears to be Unaltered in XHSP27 Morphants
To assess whether the cardiac and skeletal muscle precursors are properly specified and
differentiate, whole-mount in situ hybridizations were performed on XHSP27 morphant
embryos using a panel of cardiac and skeletal muscle markers. Tbx20, Nkx2.5, Gata4, and
Gata6 probes were used to mark both early cardiac precursors and terminally differentiated
cardiomyocytes, while titin novex-3 (XTn3) and myosin light chain 1v′ (Mlc1v′) were used to
mark differentiated skeletal and cardiac muscle. As shown in Figure 5, the cardiac and skeletal
muscle domains appeared normal in all cases. This data, combined with the observation that
the hearts are contractile, suggests that the cardiac and skeletal muscle precursors are properly
specified, migrate to the correct location within the embryo and can initiate terminal
differentiation.
XHSP27 Morphants Display Actin Filament Disorganization in the Developing Heart and
Somites
Recent studies have shown that in addition to a requirement for cardiac differentiation and
endoderm maturation in heart tube formation, proper epithelial organization, adhesion, and
migration are absolutely critical for heart tube formation. Furthermore, HSP27 has been shown
to stabilize the actin cytoskeleton in response to stress (Huot et al., 1996; Lavoie et al.,
1993a,b, 1995). Thus considering that the cardiomyocytes are apparently specified and
differentiate properly, that XHsp27 is not detected in endoderm tissue, and that XHsp27 is
known to be involved in cytoskeletal dynamics, we hypothesized that actin organization may
be disrupted in the developing myotomes and heart of XHSP27 morphants. To address this
possibility, we injected HSP27MO into one-cell stage embryos and collected the embryos at
stages during cardiac fusion (Stage 28), linear heart tube formation (Stage 33), and cardiac
looping (Stage 37). Embryos were then transversely cryosectioned and cardiac sections were
immunostained for MHC using a MHC-specific antibody and for F-actin using phalloidin.
Somitic sections were stained for F-actin and with DAPI to mark nuclei. In control hearts, actin
staining is most apparent at the basal and apical surfaces of the cells in the forming heart tube,
which consists of a single layer of cardiac cells, as well as in fibers perpendicular to the lumen,
which appear to correspond with the lateral membranes of cardiac cells (Fig. 6a–c, g–i).
However, in XHSP27 morphant hearts, actin staining appears diffuse and disorganized (Fig.
6d–f, j–l). Few distinct fibers are apparent within the morphant hearts, except where lumen
formation occurs (Fig. 6l). A more dramatic defect in actin organization is evident within the
Brown et al. Page 6













developing somites. In control morpholino-injected embryos, the somites display thick, highly
organized actin bundles oriented along the anterior–posterior axis (Fig. 6m–o, s–u). However,
in XHSP27 morphants, the actin appears disorganized and scattered throughout the somites
(Fig. 6p–r, v–x). Furthermore, the somitic domain itself appears to be larger and less well-
defined (Fig. 6p–r, v–x). This appearance is similar to the appearance of the somites at earlier
stages, after which the somites normally become smaller and more compact, possibly because
of the formation of the thick actin bundles. These alterations in actin organization are not due
to the levels of actin as western blots with an actin specific antibody show equal levels of actin
in control and HSP27MO embryos (see Fig. 7) therefore, suggesting that XHsp27 is required
for proper regulation of cytoskeletal dynamics during myogenesis.
To gain further insight into the nature of microfilament disorganization in XHSP27 morphants,
embryos were injected with control or XHSP27 morpholinos, collected at stage 38 and
visualized using transmission electron microscopy (TEM). As shown in Figure 8, ControlMO
hearts display many myofibril bundles, the majority of which were found to be oriented along
the anterior–posterior axis, as demonstrated by transversely sectioned myofibers (see Fig. 8).
In regions where longitudinal sections of myofibers are present, clear z-lines are evident
showing the fusion between individual sarcomeres (Fig. 8a,b). Furthermore, in transverse
myofiber sections, the highly organized myosin structure can be seen (Fig. 8c inset). In contrast,
XHSP27 morphant hearts show very few myofiber structures (Fig. 8d,e). In addition, the
occasional myofibers are very short and no z-lines or connections between multiple fibers were
apparent, indicating a lack of sarcomeric assembly (Fig. 8d,e). In some sections, large
aggregates of bodies are apparent that appear very similar to cross-sectional views of myosin
in control myofibrils (Fig. 8f inset). However, these aggregates lack any of the obvious structure
in spacing or organization characteristic of myofibrils (Fig. 8f inset). Similar results are
observed within the developing myotomes in the somitic region of XHSP27 morphants. In the
forming skeletal muscle, all myofibers analyzed appeared to be sectioned transversely,
indicating that these fibers are arranged along the anterior–posterior axis. ControlMO injected
myotomes display thick myofiber structures that generally extend throughout the entire cell
(Fig. 8g,h). In higher magnifications, the myofibril structure is visible as highly ordered arrays
of microfilaments (Fig. 8h). In contrast, XHSP27 morphants display much fewer apparent
myofibers and most of these appear abnormal in morphology (Fig. 8i,j). Magnification of these
myofibers reveals a less-ordered structure and an apparent lack of thick myosin filaments in
these structures (Fig. 8j). These observations suggest that the lack of actin organization is
accompanied by a failure of myofibril assembly and sarcomere formation. Collectively, these
results indicate that XHSP27 is required for normal cardiac precursor fusion and muscle
formation, and that these defects are accompanied by a failure in actin organization and proper
myofibril assembly.
DISCUSSION
Developmental Regulation of Hsp27 Expression
HSP27 has been shown to be involved in a diverse array of cellular processes. In general, the
majority of functional data on HSP27 comes from experiments performed both in vitro and in
cell culture, and much of this research has focused on the function of HSP27 in response to
various cellular stressors. However, surprisingly little has been done to address the potential
role of HSP27 in developing embryos. In this study, we report the identification of X. laevis
HSP27 and demonstrate that this orthologue is expressed in a developmentally regulated
manner throughout developing gastrula, skeletal muscle, and cardiac tissues. The temporal and
spatial expression appears to be highly conserved between X. laevis and zebrafish (Mao and
Shelden, 2006; Tuttle et al., 2007). In frogs and fish, HSP27 is initially detected diffusely
throughout the gastrulating embryo, suggesting that HSP27 may be involved in gastrulation.
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However, embryos depleted of HSP27 protein by antisense morpholinos did not display any
defects in gastrulation, suggesting either that XHSP27 does not function in gastrulation or that
a functionally redundant heat shock protein is present in X. laevis. During neurulation, HSP27
expression commences in the anteriormost developing somites, followed by a posterior wave
of expression in newly forming somites. As development proceeds, expression within the
somitic myotomes expands to encompass the entire myotome, suggesting that XHSP27 may
be involved in morphogenesis or differentiation of muscle tissue. However, our data from
XHSP27-depleted embryos suggest that XHSP27 functions in cytoskeletal dynamics but is not
involved in differentiation. In addition to its role in skeletal muscle, XHsp27 is expressed in
developing cardiac tissue, beginning at heart tube formation, with this expression continuing
through stage 40. During tadpole stages, additional domains of expression within developing
jaw and body wall muscles also become evident, suggesting that XHSP27 may be involved in
general mechanisms of muscle formation and development.
Hsp27 in Cardiogenesis and Myogenesis
Formation of a linear heart tube requires the coordination of cardiac specification,
differentiation, and cell behavior within defined spatial and temporal domains. In the present
study, we identify the small heat shock protein, Hsp27, as being integral to this process. Several
studies have shown that Hsp27 is expressed in developing muscle tissues. While it is clear that
Hsp27 is critical in mediating the cellular response to a wide variety of stressors, it is unclear
what role Hsp27 may be playing during cardiogenesis and myogenesis under unstressed
physiological conditions. Evidence from studies of embryonic stem cell differentiation has
suggested that HSP27 can function as a molecular switch between differentiation and apoptosis
(Mehlen et al., 1997). Furthermore, it is known that proper cardiomyocyte differentiation is
necessary for cardiac fusion and heart tube formation (Reiter et al., 1999; Yelon et al., 2000).
However, while our data does not rule this out as a possible function for HSP27, it at least
suggests that a primary function of HSP27 may be to regulate actin dynamics in the context of
myogenesis. Our results show that the cardiac and skeletal muscle appears to be specified and
to differentiate normally, at least as assayed by several markers of specification and terminal
myocyte differentiation. Furthermore, the total amount of cardiac and skeletal tissue appears
grossly normal in HSP27-depleted embryos. With the exception of actin, all markers examined
appear to be normally expressed and the defects in heart development appear to be primarily
morphogenetic in nature. These data suggest that the cause of the cardiac defect is not a failure
of cardiomyocyte differentiation. It remains formally possible that the cardiac fusion defects
may result from a loss of differentiation or an increase in apoptosis in a subset of cardiac
precursors at the mid-line, essentially creating a barrier between the two cardiac fields.
However, further studies must be conducted to precisely define whether HSP27 can influence
differentiation or apoptosis in the developing embryo.
Abrogation of HSP27 function in X. laevis embryos results in improper fusion of the cardiac
progenitors, resulting in two unfused or partially fused contractile hearts. Our data suggest that
the primary role of HSP27 in cardiogenesis is to regulate actin dynamics, and thus cell motility
or adhesion. In support of this hypothesis, previous research has shown that cardiac epithelial
integrity and cell motility and adhesion are critical for proper fusion of the cardiac primordia
(Trinh and Stainier, 2004). In addition, the precardiac field was shown to consist of a single
polarized epithelial layer. Our results demonstrate that actin fibers are visible primarily at the
cell membrane in the single-cell layered cardiac precursors. However, in HSP27-depleted
embryos, few discrete fibers are visible. These results suggest that epithelial organization or
polarization is defective in the cardiac fields and that HSP27 is required for this organization.
Actin fiber organization appears to be morphologically different in developing skeletal muscle.
Within the developing myotomes, thick actin fibers are arranged in an anterior–posterior
orientation and do not appear to delineate the membranes in an epithelial manner. However,
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similar to what is seen in cardiac primordia, actin protein appears to be completely disorganized
in HSP27 morphant embryos, again suggesting that cell polarity or tissue integrity is affected
by HSP27 loss.
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XHsp27 is a conserved member of the Hsp27 subfamily of proteins. (a) Protein sequence
alignments of X. laevis Hsp27 with various Hsp27 orthologues. Alignment was performed
using the GeneDoc program. Blue underline indicates conserved crystallin domain. Red
underline indicates putative actin interacting domains. (b) Percent identity and similarity
between Hsp27 orthologues. (c) Synteny between X. tropicalis, human, mouse, rat, and chick
Hsp27 loci as revealed by Metazome. Hsp27 is indicated in black. Upstream and downstream
genes are colored as indicated.
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XHsp27 is expressed in the gastrula, and developing skeletal and cardiac muscle. Whole mount
in situ hybridization of X. laevis embryos using an antisense probe specific for XHsp27 at the
indicated stages. (a) Dorsal is to the top. (b–i) Anterior is to the left. (j–m) Transverse sections
through somitic (j, k) and cardiac (l, m) regions. Dorsal is to the top. b, body muscle; br, brain;
h, heart; j, jaw muscle, m, myotome; mc, myocardium.
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HSP27 morpholinos specifically block translation in vitro. (a) Diagram depicting XHsp27
mRNA structure and morpholino-targeted region. (b) Western blot demonstrating translation
inhibition in vitro using rabbit reticulocyte lysate. Reactions were incubated with the indicated
total amounts of HA-Hsp27 mRNA with/without HSP27MO. TBX20MO was included as a
negative control. HSP27MO was incubated with HA-Tbx20 mRNA to show specificity of the
HSP27MO. HA-HSP27 and HA-TBX20 were visualized using anti-HA antibody, and SHP2
antibody was used as loading control. (c) Western blot demonstrating translation inhibition in
vivo by coinjection of HA-Hsp27 mRNA with HSP27MO. Embryos were injected with the
indicated amount of HSP27MO, ControlMO, and/or HA-Hsp27 mRNA. Embryos were
collected at Stage 20. Western blotting was performed on lysate using anti-HA antibody. SHP2
antibody was used as loading control.
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Depletion of XHSP27 results in unfused or partially fused hearts. Whole-mount antibody
staining using anti-myosin heavy chain α (MHC). Embryos were injected at the one-cell stage
with either HSPMO or ConMO, fixed, and stained for MHC at the indicated stages. All views
are ventral with anterior upwards. Arrows indicate separation between the two cardiac fields
or developing hearts. a, atrium; i, inflow tract; o, outflow tract; v, ventricle.
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Specification and differentiation of cardiac and skeletal muscle appear unaltered in HSP27
morphants. Whole-mount in situ hybridizations using antisense probes against (a) Nkx2.5, (b)
Tbx20, (c) Gata4, (d) Gata6, (e) Mlc1v′, and (f) Titin novex 3 (Tn3). Embryos were injected
with either HSP27MO or ControlMO and fixed at the indicated stages. (a–f) Ventral views
with anterior upward. (e, f) Stage 37 embryos shown laterally with anterior to the left. All
markers analyzed appear normal between control and HSP27 morphant embryos.
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Depletion of XHSP27 results in actin disorganization in developing skeletal and cardiac
muscle. Transverse 12 μm sections through the heart (a–l) and somite (m–x). All sections are
shown with dorsal upward. Heart sections were immunostained for F-actin using phalloidin
(a, d, g, j) and MHC using anti-MHC antibody (b, e, h, k). Overlays are shown in (c, f, i, l).
Somite sections were immunostained for F-actin using phalloidin (m, p, s, v) and stained with
DAPI to visualize the nuclei (n, q, t, w). Overlays are shown in (o, r, u, x).
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Hsp-depletion does not alter levels of actin. Western blot demonstrating actin levels in control
and Hsp27-depleted embryos (Hsp27MO) at the indicated stages. α-tubulin antibody staining
was used as a loading control.
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XHSP27 morphant ultrastructure analysis reveals a lack in myofibril assembly. Transmission
electron microscopy of ventral myocardium in Stage 38 control and XHSP27 morphant hearts.
(a–c) Ventral myocardium of ConMO injected embryo. (d–f) Ventral myocardium of
XHSP27MO injected embryo. Cardiac muscle fibrils are shown pseudocolored in yellow. Inset
in (c) shows magnification of myofibril structure and inset in (f) shows magnification of
apparent myosin aggregates. (g, h) Muscle fibers within the myotome in Stage 38 ConMO
injected embryos. (i, j) Muscle fibers within the myotome in stage 38 XHsp27 morpholino
injected embryos. l, longitudinal myofibers section; t, transverse myofibers section; z, z-line.
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